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ABSTRACT: Since the summer of 2005, the vacuum ultra-violet Free-electron LASer in Hamburg
(FLASH) has operated as a user facility at the Deutsches Elektronen-Synchrotron (DESY), deliv-
ering ultra-short laser pulses of tens of femtosecond duration with a high peak brilliance of up
to 1028 photons/(smm2 mrad2 0.1%bandwidth). Due to the statistics of the Self-Amplified Sponta-
neous Emission (SASE) process, each photon pulse differs from the previous one in the number
of modes per pulse, the wavelength (0.5% fluctuations) and the intensity, making experiments
more complicated. Thus, for certain experiments the detailed knowledge of the beam properties
on a shot-to-shot basis is mandatory. In this paper we describe an online method to gain spec-
tral information about the individual Free-Electron Laser (FEL) pulses that is based on rare-gas
photoionization and photoelectron spectroscopy.
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of radiation with matter.
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1. Introduction
At third-generation storage rings for the generation of synchrotron radiation, the photon flux slowly
decreases with time, but does not fluctuate from pulse to pulse. The pulse duration is typically sev-
eral tens of picoseconds and therefore much longer than the time-scale of electronic relaxation
in matter. On the other hand, the new soft x-ray Free-electron LASer in Hamburg (FLASH) at
DESY [1] can generate VUV-laser pulses that are some tens of femtoseconds in pulse duration and
with a peak brilliance of up to 1028 photons/(s mm2 mrad2 0.1%bandwidth). This is accomplished
by taking advantage of the so-called Self Amplified Spontaneous Emission (SASE) process [2, 3].
The short and intense laser pulses can be used for element specific studies, e.g., the dynamics of
chemical reactions, of materials, and of atomic systems in general. However, due to the statistical
nature of the SASE process, FLASH does not show a distinct, stable spectrum, the mean photon
energy fluctuates by about 0.5%, the number of modes per pulse fluctuate and the intensity also
fluctuates from shot to shot. This statistical behavior has been studied theoretically [4] and needs
to be taken into account when free-electron laser (FEL) experiments at FLASH are planned. It also
leads to specific requirements for the experimental setup and the data acquisition system. Since
complex and totally new experiments are planned to be performed at FLASH one needs to under-
stand the artifacts that can arise while doing measurements with such a new and unique facility.
We therefore began by studying well-known atomic systems, i.e. the photoionization of rare gases,
by electron spectroscopy. Our photoelectron spectra measured within the linear regime of photon-
matter interaction represent a convolution of the respective well-known rare gas electron energy
distribution with the photon energy spectrum of the incident FLASH beam. Thus, the latter may be
derived from our data and so represents a new technique for online spectrometry. However, at high
levels of laser intensity and target gas density, the high number of created electron-ion pairs may
influence the spectra by plasma effects like electron-ion coulomb interaction as well as electron-
electron repulsion. We therefore measured and controlled pulse energy, peak photon exposure,
target gas density, and photon energy during our experiments. For the latter, the monochromator
beamline PG at FLASH has a special option to use zeroth-order and first-order light simultane-
ously. The gas phase experiments were carried out utilizing zeroth-order light, whereas in first
order the individual spectrum of the respective FEL pulse was monitored. Furthermore, a built-in
gas monitor detector [5] (GMD) allowed the acquisition of the intensity levels of the individual
photon pulses with an uncertainty of 10%.
– 1 –
2008 JINST 3 P02003
2. Experimental setup
A schematic view of the experimental setup is depicted in figure 1. The master clock triggers the
whole FEL as well as all attached measurement devices such as cameras and fast digitizer cards.
The master clock also generates a unique bunch train number for each bunch train which is then
distributed to all devices. All measuring devices are connected via ethernet to the central data
acquisition system called DAQ [6].1 The accumulated data are read out by the computer and send
to the DAQ together with the unique bunch train number. The bunch trains have a repetition rate of
2Hz or 5Hz, respectively. Each bunch train consisted of up to 30 pulses, all separated by 1 µs.
Photoelectron spectra of rare gases have been acquired at the zeroth order branch PG0 with
two different setups. The first setup refers to angle-resolved photoelectron emission spectroscopy.
It is equipped with electron Time-of-Flight (eTOF) spectrometers2 and allows the fast detection of
the emitted electrons even for a complete bunch train. The interaction region is actively magnet-
ically screened from the residual earth magnetic field by three Helmholtz coil pairs. The second
setup consists of a vacuum chamber with a SCIENTA SES 200 hemispherical electron spectrom-
eter.3 Here, the magnetic screening of the interaction region was realized by an in-situ permalloy
shielding. In both systems, the background gas pressure in the respective recipient was varied from
3× 10−7 mbar up to 3× 10−5 mbar. It was dosed via a capillary of 500 µm inner diameter placed
5−8mm away from the interaction region. It resulted in a gas jet with an estimated local pressure
being one to two orders of magnitude higher than the residual gas pressure measured.
Photoelectron spectra of He, Ne, and Xe were acquired using the eTOF setup. In addition,
we investigated the influence of the residual pressure on the shape of the photoelectron spectra
with the SCIENTA setup. This has been carried out for the rare gases He, Ne, Ar, Kr, and Xe.
Since the readout speed of the ICCD and CCD cameras was limited to 10Hz we used single pulse
mode throughout our experiments. The FLASH beam is fully horizontally polarized. The angular





(1+ βP2(cosθ)) , (2.1)
with θ the angle of emission with respect to the polarization axis of the incident photon beam,
dΩ the solid angle of acceptance, σ the cross section, and P2 the Legendre polynomial of second
order. β varies between β = 0.6 and β = 2.0 for the relevant s- or p-shell single photon absorption
process at 38eV incident photon energy (see table 1). Therefore, our detectors were constantly
held at zeroth degree with respect to the polarization axis in order to gain maximum possible
photoelectron yield. Taking into account all figures of merit (e.g. solid angle of acceptance, number
1The measurement systems normally consist of a Standard PC with a 24bit Input/Output register from National
Instruments PCI-6503 and the device itself, e.g., firewire CCD camera, ICCD camera, or digitizer card. Recently, this
has been changed to a more time accurate method, where we use IP Timer cards on each computer to encode the bunch
train number into the data output of the attached device.
2For the readout of the eTOF, we used an Acqiris Digitizer Card DP120 with 8bit per data point and 2GS/s sampling
rate connected to a standard Windows PC. At a later stage we also used the Acqiris digitizer system DP282 with 10 bit
resolution and 8GS/s sampling rate on a LINUX system. The later system was equipped with an IP timer card for more
accurate timing.
3The MCP signals of the electron analyzer were detected via a CCD firewire camera BASLER 104f.
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Figure 1. Schematic view of the experimental setup for the simultaneous measurement of first order VUV-
FEL spectra and photoelectron spectra
Table 1. Cross section σ (taken from ref. [9]), β value, and ionization threshold I1 (taken from ref. [7] and
references therein) for the different rare gases at 38eV incident photon energy. The last column denotes the
ratio of the mean free path of the helium atoms to the mean free path of the respective other rare gases [10]
in the pressure range of 10−5 mbar.
σ ( Mb ) β I1 ( eV ) khelium/kx
He (1s) 3.5 2.0 24.6 1.00
Ne (2p) 8.79 0.6 21.6, 21.7 0.68
Ar (3p) 4.69 1.6 15.8, 15.9 0.34
Kr (4p) 5.85 1.8 14.0, 14.7 0.27
Xe (5p) 2.47 2.0 12.1, 13.4 0.20
of atoms within the interaction region, ionization cross section of the individual gas, photon beam
intensity) an estimated number of a few thousand electrons reached the detector per photon pulse.
Therefore, the MCP of the eTOF had to operate in a charge accumulation mode. An amplifier
converted the charge pulses into voltage pulses which were then measured as a function of time
with a fast analog-to-digital converter with high bandwidth. All acquired data were immediately
sent to the DAQ where they were written to ROOT files [8] for further analysis.
In the first-order branch PG2, the dispersed FEL radiation could be monitored utilizing a
Ce:YAG screen [11] with camera system.4 The spectrum of each individual pulse was acquired.
The GMD detector for measuring the intensity was located in front of the mirror grating unit (not
shown in figure 1).
4ANDOR iStar ICCD or Firewire CCD camera BASLER 304f, respectively
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3. Results and discussion
We first measured the FLASH photon energy spectrum near 93eV on a shot-to-shot basis and cor-
related our measurement with the intensity of the individual photon pulses. We sorted the spectra
according to their intensity and built an average photon energy distribution. Normally, one would
not expect any systematic dependence of the mean photon energy with the intensity fluctuations at
a specific point of machine operation. The photon pulses are generated by a short electron pulse
moving through a long section of undulators. As a result of the interaction of the generated light
with the electrons, the electron pulse gets microbunched more and more which finally results in the
characteristic SASE FEL radiation. Thus, specific regions of FEL operation (e.g. linear vs. satura-
tion) correspond, for a given undulator length, to certain electron beam parameters [2]. In figure 2,
the mean photon energy is depicted as a function of photon pulse energy (number of photons)
for a specific point in the linear (open circles) and the saturation regime (grey filled rectangles)
of FLASH. The two regimes of operation can be distinguished not only by the magnitude of the
mean pulse energy but, moreover, also by their pulse energy distribution (PED). In figure 3(a) the
PED is depicted in the case of the linear regime. Within this regime, the PED follows a gamma
distribution [12]. From the fit to the gamma distribution (solid line), the mean fluctuation can be
derived and thus the mean number of modes per pulse which is the inverse square of the deviation.
In our case the deviation in pulse energy is 61%. In the linear regime the deviation of pulse en-
ergy increases steadily with increasing mean pulse energy as the degree of microbunching of the
electron pulse evolves exponentially along the undulator. When entering the saturation regime the
fluctuations of pulse energy drops at a specific mean pulse energy (see figure 3(b) as an example for
the deviation of pulse energy in the saturation regime); the degree of microbunching of the electron
pulse is close to one now. The quick drop of the deviation in radiation energy is a feature of the
ultra-short pulse duration [13]. Going deeper into saturation the overall beam is stabilized; photon
pulse lengthening also begins to occur because a significant part of the long tail of the electron pulse
starts lasing. This again increases the spectral width of the FEL photon pulses (see also figure 4).
In the linear regime, the mean photon energy quickly drops to a saturation value with increas-
ing number of photons (figure 2). The mean photon energy is directly correlated with the kinetic
energy of the electrons lasing. In the current operation mode of FLASH the electron pulse has a
complicated shape and reveals a systematic kinetic energy distribution (within 1%) with the sharply
rising edge of the pulse having higher kinetic energy than the slowly falling tail. As a result the
mean photon energy shifts with increasing photon beam intensity to lower values. In the satu-
ration regime, then, no further shift of the photon energy is observable within the measurement
uncertainties as the whole electron pulse now lases and therefore the photon beam is stabilized.
A shift in mean photon energy was also observed at a mean photon energy of 38eV as depicted
in figure 4. The graph shows a colored map of the mean photon energy distribution for the regime
of deep saturation.
These two examples clearly illustrate that detailed knowledge about the spectral shape of each
individual pulse is extremely important for the interpretation of acquired FEL data as a function of
the pulse energy.
We next measured the pressure dependence of the kinetic energy distribution of the outer
shell photoelectrons for the rare gases helium to xenon at a mean photon energy of 38eV. The
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Figure 2. Mean photon energy vs. beam intensity: The mean energy has been acquired by Gaussian fits to
the data. The open circles show the mean energy of the run in the linear regime of operation. The red solid
line is an exponential decay fit to the open circle data points. The grey rectangles show the mean energy
of the run at saturation as a function of the number of photons. The blue line represents a linear fit to the
corresponding data points of the run at saturation. The blue shaded area is the pulse intensity range of the
linear regime.
lowest pressure value applied was 3.5× 10−7 mbar and the highest 2.7× 10−5 mbar, limited by
the differential pumping stage at the time. As the experimental setup in zeroth order, we chose
the SCIENTA system. In first order, we acquired the SASE spectra simultaneously. FLASH was
operating in the single bunch mode at a repetition rate of 2Hz. The experiment was carried out with
a vertically unfocused beam of 3mm height and a horizontal focus of 100 µm, therefore, the photon
exposure in the interaction region was rather low (< 1010 photons/cm2) and non-linear effects [14 –
17] did not play any role. For different gas pressure values, we evaluated the influence of electron-
ion and electron-electron coulomb interaction on the spectra. We therefore measured the photolines
of the rare gases at low and high pressure and sorted the line spectra according to the incoming
photon beam intensity. Due to the high energy resolution of the electron spectrometer (50eV pass
energy for the SCIENTA, better than 0.3% for the eTOF), the width of the photoelectron lines were
dominated by the spectral bandpass of the laser pulses. We then calculated the effective binding
energy of the outer shell electrons, i.e. the mean photon energy minus the mean kinetic energy. To
study the coulomb interaction effects, which should depend on the number of electron-ion pairs
created, we subtracted the calculated effective binding energies of the low pressure measurements
from that of the high pressure measurements. This was performed for different number of photons
per pulse and different rare gases to cover a wide range of created electron-ion pairs. The number
of electron-ion pairs Npairs created depends on the gas-target density ngas, which is proportional to
the measured pressure p, the number of photons Nphoton and the cross section σgas of the rare gas
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Figure 3. Pulse energy distribution: The x-axis is normalized to the average radiation energy in the pulse.
Pulse energy distribution for the linear regime (a): The solid curve is a fit with the gamma distribution [12].
From the fit the average number of modes in the radiation pulse M = 2.7, which is the inverse square of σ ,
is derived. (b) pulse energy distribution for the saturation regime
used and was calculated according to:
Npairs = Nphoton ·ngas ·σgas · l. (3.1)
l denotes the interaction length. ngas is equal to p/kBT for an ideal gas with kB the Boltzmann
constant, T the absolute temperature and p the target-gas pressure in the interaction region. The
latter was measured with an ionization gauge and corrected with the respective gas type correction
factor. Due to the direct injection of the gas into the interaction region via the capillary, the pressure
was assumed to be two orders of magnitude higher than the reading of the ionization gauge. The
total error in our pressure measurement is assumed to be one order of magnitude. Because the case
of an ideal gas does not hold we additionally took the mean free path k [10] as an estimate for the
target gas density. Helium with the longest mean free path was considered as the closest to the case
of an ideal gas. A shorter mean free path k is related to stronger interaction of the particle and,
thus, a higher particle density. Therefore, we corrected the pressure readings with khelium/kx (see
last column in table 1).
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Figure 4. Number of photons vs. photon energy: The intensity ranges from zero (blue violet) to the
maximum intensity detected (red). The mean photon energy shifts towards lower energy with higher number
of photons per pulse.
In figure 5, the effective binding energy shift for the photoelectrons of He, Ne, Ar, Kr, and Xe
is depicted as a function of electron-ion pairs created. The jitter in average photon energy has been
subtracted. The photolines of He, Ar, Kr, and Xe linearly shift to lower energies with increasing
number of created electron-ion pairs. The Ne line with the highest cross section appears to slightly
deviate from the linear behavior above at 4×107 created electron-ion pairs. Further measurements
are needed to verify that this is really beyond the experimental uncertainties. From the estimation of
the local pressure within the interaction region and the uncertainties of our measurement, we can set
an upper limit for the onset of kinetic energy shift for the given energy of 15 to 25eV, which occurs
at 107 electron-ion pairs created. This behavior of kinetic energy shift has also been observed in
experiments conducted by Pietzsch et al. [18]. The photoline shift can be explained by the outgoing
electron cloud being decelerated by the positive charge of the ions. Due to the very short ionization
time, the ions are considered as stationary yielding a stationary electric field wherein the electrons
move. Slower electrons were more severely affected by the attractive Coulomb potential of the ions
than faster ones. However, in our case the kinetic energy of the photo emitted electrons are of the
same order of magnitude for the different rare gases and therefore the effect of Coulomb attraction
was also in the same range. In a simple model of a cylindrical capacitor with the ions on the photon
beam axis and the electrons moving radially outbound, the energy loss of the electrons due to
Coulomb attraction is on the order of 1eV for 108 electron-ion pairs created and increases linearly
with increasing number of electron-ion pairs. This is modelled by the blue solid curve in figure 5.
If the number of generated electron-ion pairs is high, additional pulse broadening occurs. This
effect has been studied with the eTOF apparatus. In figure 6 an example of the photon energy
distribution of the incident photon pulse and the corresponding eTOF spectrum are depicted. In
both spectra, three peaks are clearly visible. The peaks in the photon energy spectrum correspond
to three different laser modes present within the single pulse. Due to their statistical origin, these
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Figure 5. Shift of the kinetic energy of the outgoing s or p electron of the outer shell for different rare gases
as a function of number of created electron-ion pairs. The incident photon energy was 38eV. The blue solid
curve shows the shift as a guide for the eye.
modes vary from shot to shot in their number, their individual intensity, and their individual photon
energy within the bandwidth of the FEL. The bottom figure (b) shows the corresponding electron
kinetic energy spectrum. However, due to the repulsive Coulomb force between the electrons, the
individual electron peaks broaden and drift apart. Electrons at the head of the cloud with high
kinetic energy additionally gain energy as they are repelled from the electrons at the tail of the
cloud with lower kinetic energy.
As a result, the mean kinetic energy of the broadened electron cloud is shifted to lower kinetic
energy. The broadening depends very much on the number of electrons in the pulse and thus
the incident number of photons. In the depicted case, the pulse broadening for the single peaks
is about a factor of two with an overall broadening of the entire spectrum of 1.5. Furthermore,
the microstructure of the pulses, e.g. maximum to minimum and relative peak height, could not
be resolved due to instrumental broadening (time resolution of the digitizer and MCP response
function). Roughly 50% of the acquired spectra show a clear coincidence of the number of peaks;
from 15% of the spectra acquired, the details of the spectral microstructure could be retrieved; these
are mainly spectra with single peak structure.
Finally, controlling all figures of merit, e.g. gas pressure, gas type, and photon exposure level,
we studied the photoelectron spectra of neon and helium with respect to the question whether it
will be possible to retrieve a full spectrum of the incident photon beam by analyzing the shape of
the neon 2p or helium 1s line, respectively. The other rare gases like argon, krypton, and xenon
are less suitable due to their more complex electronic structure and their energy splitting of the p
photoelectron emission lines on the order of several hundreds of meV. Here, we have chosen the
eTOF apparatus since it allowed shot-to-shot measurements within a bunch train of consecutive
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Figure 6. Simultaneously acquired FLASH spectrum of a single shot (a), blue open circles, and correspond-
ing eTOF spectrum (b), red open triangles: For the latter, the binding energy of helium of 24.6eV has been
added to the calculated kinetic energy values to match the photon energy scale.
photon pulses separated by 1 µs. On the other hand and in contrast should we choose to use the
SCIENTA electron analyzer, we would have to operate in single bunch mode with a photon pulse
spacing of 500ms due to the slow read out rate of the camera system.
However, the eTOF detection method influences the measured kinetic energy distribution of
the photoelectrons. Whereas in the SCIENTA electron analyzer the kinetic energy is measured
independently from the source point of the electrons, this is not the case for the eTOF spectrom-
eter. Here, the time-of-flight is affected by the path length the electrons have to travel and their
kinetic energy. The resolving power, calculated from the kinetic energy E = 1/2 ·m · x2/t2 and its







where x = 309mm is the path length from the interaction region to the detector, ∆x is the source
size of the interaction region, t is the time-of-flight and ∆t is the time resolution of the ADC and the
MCP response time. The photon beam was horizontally polarized. The eTOF spectrometer was at
θ = 0◦ degree with respect to the polarization axis and had an acceptance length of 3mm along the
photon beam path. The small horizontal width of 50 µm to 100 µm of the photon beam allowed a
maximum possible resolving power of the eTOF.
Furthermore, the photoelectron flux had to be optimized. On the one hand it had to be reduced
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Figure 7. Mean energy value retrieved by eTOF measurement vs. mean photon energy for constant photon
intensity: The red solid line is the linear fit to the data points. The slope m is equal to one within the mea-
surement uncertainties. The data points are retrieved from single shot measurements binned within a photon
energy interval of 0.105eV (x-error bar). The y-uncertainties are the statistical errors of the mean kinetic
energy distribution for the given photon energy. The number of photons was (3.0± 0.3)× 1010 photons
estimated from the theoretical transmission of the beamline [19] and the GMD measurement.
to a level where ion-electron and electron-electron interaction are negligible. On the other hand
it had to be sufficiently high to yield enough photoelectrons to be detected to gain a full spectral
distribution of the kinetic energy of the photoelectrons within one shot. Therefore, we reduced
the transmission of the beamline in zeroth order to about 6% by inserting baffles in front of the
monochromator or choosing monochromator settings for the zeroth order in order to minimize the
photon flux. For the given photon exposure levels the gas pressure was chosen in such a way that
the number of electrons entering the eTOF detector was about 103. This number has proven to be
sufficiently high to yield smooth spectra on the one hand and negligible electron-electron repulsion
resulting in electron pulse broadening on the other.
In a first step, we measured the kinetic energy distribution of the 2p photoelectron line of
neon at a mean incident photon energy of 90eV. The kinetic energy of the emitted electrons was
about 68eV. The electrons travel about 30mm before they enter the spectrometer. To get a high
energy resolution, a retarding potential of −65eV was applied within the spectrometer. The time
resolution of the fast digitizer was 0.5ns which is of the order of the MCP response time of the
detector of 0.6ns. This pushes our resolving power to 300. However, the retarding field lowered
the transmission inside the eTOF spectrometer to critical values. The electric fields may also influ-
ence the electron charge distribution within the pulse [18]. The corresponding spectra of the eTOF
and the photon pulse did not show an correlation due to the high noise level in the eTOF spectra.
Nevertheless, we were able to retrieve the mean photon energy on a shot-to-shot basis. The results
for a constant number of photons are depicted in figure 7. As expected the slope m is equal to one
within the measurement uncertainties. The data points are retrieved from single shot measurements
– 10 –
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Figure 8. Peak positions of the kinetic energy spectrum of the helium 1s photoelectrons vs. peak positions
of the FLASH photon energy: The binding energy of the helium 1s line of 24.6eV has been added. The data
were acquired in the single shot mode with a repetition rate of 2Hz. The black and white dashed line is the
linear fit to the data points.
averaged within a photon energy interval of 0.105eV (x-error bar). The y-uncertainties are statis-
tical errors of the kinetic energy energy distribution for the respective average photon energy. The
number of photons was (3.0± 0.3)× 1010 photons estimated from the theoretical transmission of
the beamline [19] and the GMD measurements.
Helium has proven to be the better choice since the He 1s line is very narrow compared to
the incident bandwidth of the FLASH pulses. Advantageously, it does not have an energy level
splitting in contrast to the neon 2p level. Measurements of the kinetic energy distribution of the
1s photoelectron at a photon energy of 38eV have been carried out. This time we did not apply a
retarding field, which would lower the transmission of the eTOF. The time resolution of 0.5ns of
the digitizer gave us an energy resolution of roughly 100meV for the given eTOF parameter. As
mentioned earlier, the number of electrons play a crucial role in the formation of the signal detected.
We investigated both, photon and photoelectron spectra recorded at PG2 and PG0 simultaneously.
Utilizing a peak finding algorithm [20, 21], we found a match of number of peaks and position
of the peaks in the photoelectron and photon spectra. The result is displayed in the histogram in
figure 8. The colored map shows the probability distribution of the coincidence of photon and
photoelectron peak positions. Red denotes to a high probability of coincidence, blue to a low.
Normally, one would expect a linear dependence of slope one of the photon and photoelectron
peak positions. However, we observe a slope less than one (0.64±0.15), which can be explained
by electron-electron repulsion as discussed above. Often, the electron distribution within one pulse
does not consist of one Gaussian pulse, but of a complex superposition of several pulses as a result
of the complex photon energy distribution. As discussed, due to electron-electron repulsion the
photoelectron spectrum is stretched with respect to the photon spectrum (see figure 6). Thus, the
peaks in the photoelectron spectra are further apart than their corresponding peaks in the photon
spectra. This explains our deviation from our expected slope of one in figure 8.
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4. Conclusion and outlook
In conclusion, we studied Coulomb effects on photoelectron spectroscopy of rare gases at high pho-
ton beam irradiance levels and high target gas pressure. The mean photon energy of the FLASH
photon pulses could be retrieved from photoelectron spectra on a shot-to-shot basis. Furthermore,
the photoelectron spectra showed coulomb effects at high irradiance levels. This Coulomb effect
increases with increasing incident FLASH power. Detailed spectral information about the FLASH
pulses could be retrieved for helium at low irradiance levels and low target gas density. In the
multi-peak spectra the electron-electron repulsion is strong, thus, stretching the measured spec-
trum. Retarding electric fields influence the shape of the kinetic energy spectrum of a single shot
negatively. For an application of photoelectron spectroscopy as a non-invasive method to monitor
SASE FEL photon spectra, one has to keep in mind that the source size limits the resolving power.
For the detections system, hemispherical electron analyzers are less suitable due to their electro-
static lenses distorting the microstructure of the electron pulse and their low read-out speed. The
eTOF spectrometer has the advantages of the fast read-out speed and its low distortion of the kinetic
energy spectrum. Since the number of photons within one pulse from a SASE FEL fluctuates by
one order of magnitude, this technique is not reliable as the linearity of the retrieved signal strongly
depends on the number of photons. To overcome this disadvantage one could think of a sequence
of eTOF spectrometer operating at different gas target pressures. Still the problem of resolving the
microstructure of the pulses originating from SASE FEL remain. However, if there is only one
mode per shot as in the case of a seeded SASE FEL, it is possible to retrieve the photon energy
within one shot. This technique could be used as a diagnostic tool for the X-FEL where reflective
gratings are not applicable to determine the photon energy.
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